The mechanism of action of novobiocin was studied in various strains of Escherichia coli. In all strains tested except mutants of strain ML, the drug immediately and reversibly inhibited cell division, and later slowed cell growth. The previously described impairment of membrane integrity, degradation of ribonucleic acid (RNA), and associated bactericidal effect were found to be peculiar to ML strains. The earliest and greatest effect in all strains was an inhibition of deoxyribonucleic acid (DNA) synthesis; RNA synthesis was inhibited to a lesser extent, and cell wall and protein synthesis were affected later. The inhibition of nucleic acid synthesis was accompanied by an approximately threefold accumulation of all eight nucleoside triphosphates. Since novobiocin does not inhibit nucleoside triphosphate synthesis, degrade DNA, or immediately affect energy metabolism, it must inhibit the synthesis of DNA and RNA by direct action on template-polymerase complexes.
Novobiocin (NB), a clinically useful antibiotic, has been reported to affect several systems in bacteria, including the maintenance of membrane integrity, nucleic acid synthesis, and cell wall synthesis. Thus, it decreases the crypticity of Escherichia coli ML-35 (5), a mutant that lacks the 3-galactoside transport system (18) , and it causes loss of ribonucleic acid (RNA) in this strain (5) . These observations have led to the suggestion that NB acts primarily by damaging the growing cell membrane. The resulting loss of intracellular metabolites then leads to several other effects. These include an increase in the intracellular uridylate pool and inhibition of RNA synthesis in Streptococcus faecium (4) , inhibition of cell division (20) and deoxyribonucleic acid (DNA) formation (2) , production of filamentous forms (2) , and induction of lambda prophage (24) in E. coli. The last two effects are known to be inducible by a number of agents that interfere with DNA synthesis, such as mitomycin C, ultraviolet irradiation, and thymine deprival. NB also causes the accumulation of nucleotide precursors of cell wall, in Staphylococcus aureus (22, 23) , and it inhibits the in vitro synthesis of teichoic acid by extracts of Bacillus licheniformis and Lactobacillus planatarum (6, 10) ; however, inhibition of cell wall synthesis 1 Special Fellow, National Institute of Arthritis and Metabolic Diseases.
clearly cannot be the sole mechanism of action of NB since it does not induce spheroplast formation (23) , and it inhibits the growth of protoplasts (12, 19) .
With the aim of defining the primary action of NB, we have studied the kinetics of several of its effects in E. coli. The results have revealed that the drug immediately and reversibly inhibits DNA polymerization, and, less extensively, RNA polymerization, in a number of strains of E. coli. The membrane damage, and an associated lethal action, are a special response in the ML strain.
Part of this work has been reported previously (21) .
MATERIALS AND METHODS
Chemicals. The monosodium salt of novobiocin, lot SM 387, a gift of The Upjohn Co., Kalamazoo, Mich., was dissolved fresh daily in water at a concentration of 5 mg/ml. Uracil-2-C'4 (30 mc/mmole), methyl-C'4-thymine (3 mc/mmole), and H3-uracil (4 c/mmole) were purchased from New England SMITH AND DAVIS merized ethyleneimine (PEI), from Chemirad Corp. Deoxyribonuclease, electrophoretically purified, was purchased from Worthington Biochemical Corp., Freehold, N.J., and polyuridylic acid (poly U) from Miles Chemical Co.
Bacteria and media. Strains ML-3, ML-30, and ML-35 were a gift from J. Monod, strain 15TA-(thy-arg), from R. Rudner, and strain K12-300 (Hfr, thi-), from L. Gorini. The low potassium modification (AKo.3) of medium A (8) was used except when p3204-3 was employed. For those experiments, a low phosphate medium of the following composition per liter was used: MgSO4-7H20, 0.1 g; Na2HPO4, 0.04 g; (NH4)2SO4, 1 g; KCI, 2 g; maleic acid, 5. 8 g; tris(hydroxymethyl)aminomethane (Tris), 6.05 g; and NaOH, 1.92 g.
Cultural conditions. Inocula were grown overnight at 37 C with limiting glucose (0.1%), and were then diluted 25-to 50-fold in the same medium with 0.2% glucose. Overnight cultures of 15TA-were supplemented with 100 ,gg/ml of arginine and 5 jg/ml of thymine, and were diluted in the morning in medium supplemented with 50 jug/ml of arginine, 1 ,g/ml of thymine, and 0.2% glucose. Cultures of strain K12-3000 were supplemented with 0.1 ug/ml of thiamine.
Cultures were grown at 37 C, either in Erlenmeyer flasks on a rotary shaker or in tubes aerated by filtered air. Growth was exponential for at least two generations before the drug was added. When the constituents of the medium were to be changed, bacteria were harvested on membrane filters (type HA, 0.45-,g pore size, 47-mm diameter; Millipore Filter Corp., Bedford, Mass.) and were washed with 2 volumes of prewarmed salts solution (AKo.3). Care was taken to prevent the filters from sucking dry during the filtration and washing. The filter was placed in the original volume of prewarmed medium, and the cells were resuspended by pipetting back and forth.
Cell growth was measured by determining the absorbancy of cultures at 490 mrp in a Lumetron colorimeter; an optical density (OD) of 0.1 was equivalent to 0.09 mg (dry weight) and 108 viable cells (exponentially growing) per milliliter. Viability counts were determined on samples diluted in 0.9% NaCl and were plated in duplicate in melted tryptic digestagar.
Membrane integrity. Damage to the cell membrane was measured in terms of the leakage of intracellular material absorbing at 260 m,>. Samples of 3 ml were treated with sodium azide (final concentration, 10-2 M) and centrifuged at room temperature at 10,000 X g for 10 min, and the supernatant fluids were shaken twice for 10 min on a wrist-action shaker with an equal volume of n-amyl acetate. This extraction removed more than 99% of the NB, which absorbs at 260 m, (adsorption maximum, 305 m,u). Samples from an untreated culture were extracted in parallel with samples from the drug-treated culture, and the OD at 260 m,u was determined.
Synthesis of cellular macromolecules. To detect changes in the rate of cellular macromolecule synthesis, radioactive precursors were added at the same time as NB. Protein synthesis was followed by measuring the incorporation of C14-leucine; 1-ml samples of the culture were added to an equal volume of 10% trichloroacetic acid, heated at 95 C for 20 min, collected on membrane filters, and washed three times with 3 ml of 5% trichloroacetic acid. RNA and DNA synthesis were followed by measuring the incorporation of C14-or H3-uracil and C14-thymine into cold trichloroacetic acid-precipitable material. Cell wall synthesis was followed by measuring the incorporation of H3-DAP into trichloroacetic acid-precipitable material in cells growing in excess lysine, after growth overnight in lysine. The lysine represses and inhibits DAP decarboxylase, thus minimizing conversion of labeled DAP to lysine and insuring maximally selective incorporation into cell wall glycopeptide.
Incorporation data for all experiments, except that illustrated in Fig. 6 and 7, were plotted against a time scale which yields linear curves for a culture in balanced exponential growth; this is a scale proportional to the increase in turbidity of a culture, measured from the time of addition of NB and radioactive precursors (8) .
Synthesis ofprotein in vitro. The preparation of extracts of E. coli B, and poly U-directed polypeptide synthesis, were performed as described previously (7) . Polypeptide synthesis stimulated by natural messenger RNA (mRNA) was performed with extracts prepared by slower centrifugation, without deoxyribonuclease treatment and supplemented by nucleoside triphosphates as indicated.
Nucleotide pool. To compare the uptake and the incorporation of C14-thymine, 1-ml samples were taken at intervals and filtered on membranes (to determine total uptake) or they were added to cold 10% trichloroacetic acid (to determine incorporation). The filtered specimens were washed three times with 4 ml of a salts solution (AKo.3) containing 50 ,ug/ml of thymine; those precipitated with trichloroacetic acid were prepared as above.
The cellular pools of nucleoside triphosphates were determined by thin-layer chromatography of extracts of cells labeled with P3204-3 in low phosphate medium (specific activity, 13.2 mc/mmole) for at least one doubling time to insure intracellular equilibration. Samples (25 ml) were added to trichloroacetic acid (final concentration, 5%) in tubes chilled in ice; after 30 min, the precipitates were filtered on membrane filters (47-mm diameter), and were washed three times with 5 ml of ice-cold water. The combined filtrate and washes were mixed with 100 mg of activated charcoal, which was collected on a membrane filter and extracted three times with 5 ml of 50% ethyl alcohol (pH raised to 8.2 with ammonia). The extracts were lyophilized and were taken up in 5 ml of water, and 5-pliter samples were applied to cellulose-PEI thin layers and were developed according to Neuhard et al. (16) . This technique separates the individual nucleoside triphosphates, after eliminating most of the other acid-soluble phosphorus-containing compounds. The nucleoside triphosphates were located by radioautography, and the spots were cut out, placed in scintillation vials, and counted. 
RESULTS
Effects on growth, viability, and permeability. In growing cultures of E. coli (and other derivatives of strain ML), the addition of NB at 300 ,ug/ml produced an immediate, progressive decrease in viable count and a later decrease in optical density ( Fig. 1 ). In addition, as previously observed (2) FIl. 1. Effect ofnovobiocin on turbidity and viability ofEscherichia coli . Exponentially growing cells were inoculated at zero-time into growth medium with or without novobiocin (300 ,ug/ml). The turbidity and viable-cell counts were assayed at intervals as described in Materials and Methods. 1), degradation of RNA (Table 2) , and decrease in crypticity of ML-35 for g-galactosides (unpublished data).
With several other strains of E. coli, in contrast, the inhibition of growth was entirely reversible. With strain 15TA-, for example, NB at 100 ,ug/ml immediately stopped cell division, the number of viable cells remaining constant for at least 2 hr (Fig. 2) . Cell growth (measured turbidimetrically), however, was slowed only after approximately 20 min (Fig. 2) . Even at 300 ,ug/ml (Fig. 2 ) and 500 ,ug/ml, the drug was only slightly more inhibitory, and it did not kill .015
a Exponentially growing cultures of each strain of E. coli were inoculated into growth medium with or without novobiovin (300 ,ug/ml). After 60 min of incubation, samples were removed and Nucleic acids. At 100 ,ug/ml, NB immediately inhibited the synthesis of both DNA and RNA, as measured by the incorporation of C14-thymine and C'4-uracil, respectively. DNA synthesis was the more extensively affected: during 60 min, it was inhibited by 80% and RNA by 50% (Fig.  3) . At 300 and 500 ,g/ml, NB inhibited DNA synthesis duting 60 min by 90 and 95%, respectively, but it did not quite completely stop DNA synthesis even up to 5 hr. At these concentrations, the drug inhibited RNA synthesis by 65 and 75 %, respectively, during 60 min.
To differentiate the effects on DNA and RNA synthesis more clearly, the effects of lower concentrations were studied. At 5 ,ug/ml, NB immediately inhibited DNA synthesis by approximately 10% but did not affect RNA synthesis detectably during a 30-min incubation (Fig. 3) .
Protein. At 100 ,ug/ml, the drug did not affect the incorporation of C'4-leucine into protein for 15 to 20 min, and it inhibited synthesis during 60 min by approximately 30% (Fig. 4) . This delay suggests that NB affects protein synthesis indirectly, by its action on RNA synthesis. Moreover, NB did not inhibit protein synthesis in deoxyribonuclease-treated extracts in vitro with poly U or endogenous RNA as messenger (Tables 3 and 4 ), but it did inhibit protein synthesis in an extract of E. coli which was not treated with deoxyribonuclease and was supplemented with nucleoside triphosphates (Table 4) .
The continued cellular synthesis of protein, and the unimpaired increase in optical density (Fig. 2) , indicate that NB does not have any early effect on energy supply.
Cell wall. The synthesis of cell wall, measured by the incorporation of H3-DAP in the presence of unlabeled lysine, was not affected until approximately 15 min after addition of the drug (at 100 ,ug/ml), and the amount of radioactivity incorporated in 60 min in the treated culture was 70% of that in the untreated culture. At 5 ,ug/ml, no effect was seen (Fig. 5) .
Thus, the earliest and most pronounced effect of NB was an inhibition of DNA synthesis; RNA synthesis was also affected early, but less extensively, whereas protein synthesis and cell wall synthesis were affected only later. Similar results have been obtained with several other strains of E. coli, including mutants of the ML strain. There seems little doubt that the primary action of NB in E. coli is an inhibition of DNA synthesis.
Mechanism of inhibition of DNA synthesis. In the above experiments, DNA synthesis was followed by measuring the incorporation of radioactive thymine into acid-insoluble material in a thymine auxotroph; hence, the observed effects could result from several possible actions: (i) interference with transport of the added pe- Effect of novobiocin (100 ,ug/ml or 5 j.g/ml) on nucleic acid synthesis in Escherichia coli JSTA-. Exponentially growing cells were inoculated at time zero into growth medium containing (a) C'4-thymine (I jig/ml) or C'4-uracil (10 j.g/ml), and (b) C04-thymine (I jug/ml) and H3-uracil (10J ,g/ml), with or without novobiocin (100 ,ug/ml in a, 5 ,ug/ml in b). Incorporated radioactivity was determined as described in Materials and Methods.
The very similar results obtained for C'4-uracil and C"4-thymine incorporation in the untreated culture in (a) are due to a fortuitous choice of specific activities of respective radioisotopes. growth medium containing either Cl4-thymine (I ,ug/ml) or C'4-leucine (40 jig/mi), with or without novobiocin (100 jig/ml). Radioactivity incorporated into DNA or protein was determined as described in Materials and Methods. The results of C'4-thymine incorporation were identical to those in Fig. 3 of the drug: not only was NB purely bacteriostatic for all strains tested except the ML strains, but when it was removed from a culture of 1 5TA-the synthesis of DNA immediately resumed at a rate comparable to that of an untreated culture (Fig. 6) . Moreover, when the DNA of the cells was prelabeled with Cu4-thymine, subsequent exposure to NB in unlabeled growth medium caused no loss of acid-insoluble radioactivity (Table 5) .
Transport. To test the possibility that NB was inhibiting the transport of thymine into the cell, the total uptake of C'4-thymine, as well as its conversion into acid-insoluble material, were measured at close intervals in growing cells of strain 15TA-. At 100 ,tg/ml, the drug almost immediately inhibited the incorporation of the a Extracts of Escherichia coli B were prepared as described in Materials and Methods but were not treated with deoxyribonuclease and were centrifuged twice for 5 min at 7,000 X g. Two sets of incubation mixtures containing extract, C14-leucine, supplemented with 100 mjAmoles of uridine triphosphate and cytidine triphosphate, and various concentrations of novobiocin were prepared as in Table 3 ; deoxyribonuclease (10 pAg/ml) was added to 1 set of tubes. The mixtures were treated as described in Materials and Methods. Novobiocin had no effect on the acid-insoluble radioactivity in the tubes treated with deoxyribonuclease. The C14-thymine (2 ;sg/ml). The cells were then colVct of novobiocin on H3-DAP incorpora-lected on a membrane filter, washed with 3 volwall glycopeptide in Escherichia coli umes of buffered salts solution, and resuspended in n exponential growth in the presence of growth medium with or without novobiocin (100 culated at zero-time into growth medium ;eg/ml). Radioactivity in acid-insoluble material DAP (10 ,ug/ml), and lysine (100 ,ug/ml), was determined as described in Materials and r various concentrations of novobiocin. Methods. 2dioactivity was determined as described id Methods.
incorporation into DNA; hence, the drug interuptake was slowed only after a feres with a later step rather than with the transelay (Fig. 7) . The initial uptake port of thymine. Moreover, NB increased apinto the metabolite pool, whereas proximately two-to threefold the size of the of uptake is limited by the rate of pool of thymine and its nucleotides, as revealed Effect of novobiocin on thymine uptake and incorporation. Exponentially growing 15TA-cells were filtered, washed to remove nonradioactive thymine as described in Materials and Methods, and resuspended in growth medium containing C'4-thymine (I lg/ml), with or without novobiocin (100 ug/ml). Samples were removed at intervals for determination of total cellular radioactivity and acid-insoluble radioactivity, as described in Materials and Methods. aCells of E. coli 15TA-were grown in low phosphate growth medium with P320O47 and were then treated or not treated with novobiocin (100 ,g/ml) for 5 min. Acid-soluble extracts were prepared and chromatographed, and the radioactivity in each nucleoside triphosphate was assayed, as described in Materials and Methods.
b Deoxyadenosine, deoxythymidine, deoxyguanosine, deoxycytidine, adenosine, uridine, guanosine, and cytidine triphosphates.
showed that NB did not inhibit the synthesis of TTP from thymine, or the synthesis of any of the other deoxynucleoside triphosphates from glucose. Indeed, the inhibition of DNA synthesis was accompanied, within 5 min, by a threeto fourfold increase in the content of all the precursors of DNA (Table 5) , as had been shown in Fig. 7 for the total pool of thymine nucleotides. A similar increase was observed in the ribonucleoside triphosphate precursors of RNA (Table 5 ). It is noteworthy that in both expanded precursor pools the proportions of the various compounds remained essentially unchanged.
Since NB thus does not inhibit DNA synthesis by depleting any substrate of polymerization, by degrading template DNA, or by interfering with the energy supply (see discussion of protein synthesis above), it must directly inhibit the polymerizing enzyme-template complex.
DISCUSSION
The experiments reported here define the sequence and the extent of several effects of NB in E. coli. The drug initially inhibits DNA synthesis and, to a lesser degree, RNA synthesis; cell wall and protein synthesis are inhibited later. The previously described impairment of the integrity of the cell membrane, degradation of RNA, and associated bactericidal action were confirmed, but were found to be an additional response peculiar to the ML strains; these effects will be discussed in a subsequent paper.
The present results also show that NB must inhibit DNA synthesis by inhibiting the enzymetemplate system responsible for DNA polymerization: the synthesis of all four deoxynucleoside triphosphates is not inhibited, and template DNA is not degraded. The bacteriostatic action of the drug (except for ML strains), and the immediate resumption of DNA synthesis after removal of the drug (Fig. 6 ), exclude such mechanisms as the formation of interstrand or intrastrand cross links in DNA, as observed with mitomycin and other alkylating agents. Moreover, since NB produces an immediate and extensive inhibition of DNA synthesis (95% at high drug concentrations), it must affect the polymerization process and not merely its initiation. Studies on the effect of NB on the in vitro activity of a purified E. coli DNA polymerase (21) (11) or deprived of thymine (17) , conditions which induce prophage, raising the possibility that some nucleotide(s) plays a role in the induction of lysogenic phage (11) . Since NB promotes the accumulation of many nucleotides, it might be useful in further studies of this relationship.
The technique of thin-layer chromatography provides a convenient and accurate method for evaluating intracellular nucleotide pools; indeed, the pools of most deoxynucleoside triphosphates could not be defined by previous techniques. When this method was employed here to study the effect of NB on the synthesis of nucleic acid precursors, the results indicated that a rather substantial (three-to fourfold) increase in the intracellular concentration of all eight nucleoside triphosphates accompanies the inhibition of nucleic acid synthesis. This phenomenon is not unique to NB-treated cells, as ribonucleoside triphosphates have been found to accumulate when RNA synthesis is slowed by a step-down in energy source (0. Maale, personal communication). Since the nucleoside triphosphates appear to be the immediate effectors in the regulation of purine and pyrimidine metabolism (9, 13) , these findings indicate a rather loose control of these pathways.
As NB does not inhibit the synthesis of any of the four ribonucleoside triphosphates, it presumably affects RNA synthesis much like DNA synthesis, by directly inhibiting the RNA polymerase-DNA template complex. This conclusion is supported by the effect of the drug on protein synthesis in vitro (Tables 3 and 4) , and by the inhibition of the in vitro activity of a purified E. coli RNA polymerase (unpublished data).
Although NB promotes the accumulation of glycopeptide precursor nucleotides in Staphylococcus aureus (22, 23) , it inhibits the incorporation of P204-3 into nucleic acids to a greater extent than that incorporated into cell wall (23) , and it does not inhibit the in vitro synthesis of glycopeptide by extracts of staphylococci (1, 15) . Furthermore, the present results, and those of Glaser (10) , indicate that NB promotes the intracellular accumulation of many types of nucleotides, in addition to glycopeptide precursors. The effect of NB on the synthesis of cell wall could, therefore, be presumed to be a secondary event (23) ; the delayed effect of the drug on H3-DAP incorporation (Fig. 5 ) confirms this conclusion. The observed effect of the drug on the in vitro synthesis of teichoic acid (6, 10) cannot be a primary action of the drug in vivo, since NB inhibits Bacillus megaterium, an organism which does not contain detectable concentrations of teichoic acid (L. Glaser, personal communication); preliminary studies indicate that NB inhibits growth and division of this organism by a primary inhibition of DNA synthesis (unpublished data).
Novobiocin has two negative charges, and it binds magnesium and inhibits certain magnesium-dependent enzyme systems in vitro (4) . Magnesium deprivation of ML-35 cells leads eventually (approximately 4 to 5 hr) to impaired membrane integrity and RNA degradation (3). On these grounds, Brock proposed that the effects of NB are the consequence of binding intracellular magnesium (3, 4) . Since these effects have now been found to be unique to ML strains of E. coli, magnesium binding seems an unlikely explanation for the action of NB. Furthermore, the effect of NB on DNA polymerization in vitro is independent of the magnesium concentration (unpublished data).
A striking and somewhat unexpected finding has been the immediate and complete cessation of cell division (Fig. 2) , associated with extensive inhibition of DNA synthesis. Electron micrographs from many laboratories have revealed that E. coli cells are usually multinucleate, and often contain an incomplete septum. Since NB does not appear to interfere early with the formation of cell wall, and since it does not impair the growth rate [as reflected in turbidity (Fig. 2) ] for some time, one might have expected a substantial number of cells to complete the process of division. The absence of this completion suggests two possibilities: that NB inhibits without delay some unknown biosynthetic or hydrolytic step essential for the completion and cleavage of a septum; or that the process of continuing DNA synthesis is intimately connected with the final stages in cell division.
